INTRODUCTION {#h0.0}
============

*Plasmodium falciparum* causes the most virulent form of malaria (1). When *P. falciparum* parasites invade red blood cells, several modifications occur in the infected erythrocyte (IE), especially on its surface membrane. One important modification is the formation of nanoscale protrusions, which are known as knobs ([@B1][@B2][@B5]). Knobs are 50 to 120 nm in diameter and 2 to 20 nm in height ([@B6], [@B7]) and act as a site for anchoring *P. falciparum* erythrocyte membrane protein 1 (PfEMP1) ([@B8]). The role of PfEMP1 is to enable adhesion of IEs to various host receptors to avoid splenic clearance, and clonal antigenic variation allows IEs to evade immune recognition. IE sequestration in the brain, which has been implicated in the pathogenesis of cerebral malaria (CM), appears to involve PfEMP1 variants binding to intercellular adhesion molecule 1 (ICAM-1) and to endothelial protein C receptor (EPCR) ([@B9][@B10][@B11]). Similarly, placental malaria is caused by IEs expressing VAR2CSA-type PfEMP1 binding to chondroitin sulfate A (CSA) ([@B12], [@B13]). Rosetting is another PfEMP1-dependent IE adhesion phenotype, with IEs binding to receptors on uninfected erythrocytes. Rosetting has repeatedly been associated with severe malaria in sub-Saharan Africa ([@B14], [@B15]). An example of a PfEMP1 variant identified as a rosetting ligand is IT4VAR60, which is expressed by the parasite line known as FCR3S1.2/PAR^+^ ([@B16], [@B17]).

Knobs contain several additional parasite-encoded proteins, such as knob-associated histidine-rich protein (KAHRP), *Plasmodium* helical interspersed subtelomeric (PHIST), PfEMP3, and mature parasite-infected erythrocyte surface antigen (MESA) ([@B18]). Unlike PfEMP1, these proteins are not exposed on the outer part of the membrane but interact with spectrin and actin in the erythrocyte cytoskeleton. KAHRP and PHIST are required for formation of knobs, but not for surface expression of PfEMP1 ([@B19]). However, knobless IEs often display reduced rigidity and adhesiveness compared to knobby IEs ([@B20], [@B21]). These findings suggest that the association between PfEMP1 and knobs has important consequences for IE sequestration and that this association depends on the PfEMP1 variant expressed. However, to our knowledge, the relation between PfEMP1 variants, KAHRP expression, and knob density has not been studied in detail. Therefore, the present study was set up to do so. We used atomic force microscopy (AFM) and scanning electron microscopy (SEM) to compare knob expression in three sublines of *P. falciparum* IT4 that were selected by using variant-specific antibodies to express different PfEMP1s. The results obtained showed that knob density depends on the PfEMP1 protein expressed on the IE surface.

RESULTS {#h1}
=======

Knob density depends on the expressed PfEMP1 variant. {#s1.1}
-----------------------------------------------------

To investigate the correlation between knob density and PfEMP1 expression, *P. falciparum* IT4 was selected by PfEMP1-specific antibodies to express three different PfEMP1 variants (IT4VAR32b, ITVAR04, and IT4VAR60). Transcription of the expected PfEMP1-encoding *var* gene was verified by quantitative reverse transcription-PCR, and expression of the corresponding PfEMP1 variant on the IE surface was documented by flow cytometry using variant-specific antibodies ([Fig. 1](#fig1){ref-type="fig"}). Antibody selection for expression of IT4VAR32b and IT4VAR04 resulted in highly dominant transcription of the expected *var* gene and exclusive IE surface expression of the corresponding PfEMP1 variant ([Fig. 1a](#fig1){ref-type="fig"} and [b](#fig1){ref-type="fig"}). Following selection for IT4VAR60^+^ IEs, the majority of parasites transcribed *it4var60* and expressed IT4VAR60, although a minority continued to express other PfEMP1 variants ([Fig. 1c](#fig1){ref-type="fig"}). As in previous studies, we observed that erythrocytes infected by ring-stage parasites were knobless, followed by a steady increase in knob densities on the IE surface from 20 h to 35 h postinvasion (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material), which is compatible with previously reported results ([@B3], [@B6], [@B7]). AFM analysis of the selected IEs revealed significant PfEMP1-dependent differences in IE knob density between the three sublines (*P* ≤ 0.001) ([Fig. 1d](#fig1){ref-type="fig"}, [e](#fig1){ref-type="fig"}, and [f](#fig1){ref-type="fig"}). The knob density on ITVAR32b^+^ IEs (16.4 ± 8.8 knobs/µm^2^ \[mean ± standard deviation\]) was more than 3-fold higher (*P* ≤ 0.001) than before selection (4.7 ± 1.7 knobs/µm^2^) (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), whereas IT4VAR04^+^ IEs had significantly fewer knobs (2.9 ± 1.6 knobs/µm^2^; *P* ≤ 0.001). AFM analysis of the IEs selected for expression of IT4VAR60 showed that three-quarters were knobless, while the rest were knobby with a density (3.6 ± 1.6 knobs/µm^2^) that did not differ significantly from that in the unselected culture ([Fig. 1f](#fig1){ref-type="fig"}).

![Expression of PfEMP1 and knobs on the surface of antibody-selected IEs. (a, b, and c) Flow cytometry histograms of antibody-selected IEs show surface reactivity with anti-IT4VAR32b (a; green), anti-IT4VAR04 (b; blue), and anti-IT4VAR60 (c; burgundy). Labeling with the negative-control antibody is shown in gray. Pie charts show the corresponding *var* gene transcription profiles. (d, e, and f) Frequency histograms showing knob densities on antibody-selected erythrocytes infected by IT4VAR32b (d), IT4VAR04 (e), and IT4VAR60 (f), measured by AFM. The black bar in panel f represents knobless IEs.](mbo0051524840001){#fig1}

IT4VAR60^+^ IEs are knobless. {#s1.2}
-----------------------------

Since antibody selection of IEs for expression of IT4VAR60 did not result in uniform expression of the expected PfEMP1, we used fluorescence-activated cell sorting (FACS) to separate IT4VAR60^+^ and IT4VAR60^−^ IEs. The knob expression was reassessed by AFM after a few days of *in vitro* culture of the sorted IEs. Among the IEs sorted to be IT4VAR60^+^, the large majority (85%) were knobless ([Fig. 2a](#fig2){ref-type="fig"}), while the remaining had few knobs (mean, 2.4 ± 1.0 knobs/µm^2^). In marked contrast, all IEs sorted to be IT4VAR60^−^ had knobs ([Fig. 2b](#fig2){ref-type="fig"}). Analysis of similar FACS-sorted IT4VAR60^+/−^ IEs by SEM (examples are shown in [Fig. 3a](#fig3){ref-type="fig"} and [b](#fig3){ref-type="fig"}) generally confirmed the results obtained with AFM, although overall the calculated knob densities were higher (IT4VAR60**^+^**, 3.4 ± 3.3 knobs/µm^2^; IT4VAR60**^−^**, 9.2 ± 6.3 knobs/µm^2^) ([Fig. 3c](#fig3){ref-type="fig"} and [d](#fig3){ref-type="fig"}). Similar results were obtained for IT4VAR04^+^ and IT4VAR32b^+^ IEs (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). However, the numeric discrepancy between the AFM and SEM data was explained by shrinkage of leaky and osmotically fragile IEs during processing for electron microscopy ([@B6]). The estimated diameter of IEs by SEM (4.4 ± 0.4 µm) was markedly lower than the more realistic 8.0 ± 0.5 µm measured by AFM (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material). When compensating for this shrinkage, AFM and SEM results agreed well.

![AFM analysis of knob expression. Representative AFM images of single IEs from IEs selected for (a) or against (b) expression of IT4VAR60 are shown. Inserts provide high-magnification details of the knobless (a) and knobby (b) surfaces. White bars indicate scales.](mbo0051524840002){#fig2}

![SEM analysis of knob expression. Representative SEM images of single IEs from populations selected for (a) or against (b) expression of IT4VAR60 are shown. Frequency histograms show knob densities on fluorescence-activated cell-sorted IT4VAR60^−^ (c) and IT4VAR60^+^ IEs (d). The black bar in panel c represents the result for knobless IEs.](mbo0051524840003){#fig3}

The knobby phenotype reappears when knobless IT4VAR60^+^ IEs are selected to switch PfEMP1 expression. {#s1.3}
------------------------------------------------------------------------------------------------------

We next investigated whether the acquisition of a knobless IE phenotype after selection for expression of IT4VAR60 was related to expression of that particular PfEMP1 variant (and therefore presumably reversible) or due to an inadvertent irreversible change (e.g., deletion of *kahrp*). The FACS-sorted IT4VAR60^+^ culture was therefore reselected with antibodies leading to expression of either IT4VAR04 or IT4VAR32b. As before, we verified *var* gene transcription and IE surface expression profiles of the antibody-selected parasites ([Fig. 4a](#fig4){ref-type="fig"} and [c](#fig4){ref-type="fig"}). After selection for IT4VAR32b expression, a high mean knob density (24.4 ± 11.4 knobs/µm^2^) was observed by SEM ([Fig. 4b](#fig4){ref-type="fig"}) and resembled that of the original IT4VAR32b-selected IEs ([Fig. 1d](#fig1){ref-type="fig"}). Similarly, all IEs were knobby after selection for expression of IT4VAR04 ([Fig. 4d](#fig4){ref-type="fig"}), at a density (7.7 ± 3.7 knobs/µm^2^), which was comparable to that of the original IT4VAR04-selected IEs ([Fig. 1e](#fig1){ref-type="fig"}). These results suggest that IE knob density is reversible, as shown previously ([@B22]), and depends on the PfEMP1 variant expressed on the IE surface. However, we could not exclude unintentional selection of a small subpopulation of *kahrp*-positive (and knobby) parasites from a population where most had lost this gene (which is required for knob expression) during the previous selection for expression of IT4VAR60.

![Expression of PfEMP1 and knobs on the IE surface following flow cytometry sorting of IEs. Flow cytometry histograms of FACS-sorted IEs show the surface reactivities with anti-IT4VAR32b (a; green) and anti-IT4VAR04 (c; blue) antibodies. Labeling with negative-control antibody is shown in gray. Frequency histograms showing knob densities on antibody-selected erythrocytes infected by IT4VAR32b (b) and IT4VAR04 (d) were measured by AFM.](mbo0051524840004){#fig4}

The knobless phenotype of IT4VAR60^+^ IEs is not due to loss of KAHRP expression. {#s1.4}
---------------------------------------------------------------------------------

To assess whether the loss of knobs was associated with reduced or lost KAHRP expression, we assessed *kahrp* transcription in the parasites selected to express different PfEMP1 variants on the IE surfaces. All parasites showed comparable levels of *kahrp* transcription, regardless of PfEMP1 surface expression ([Fig. 5](#fig5){ref-type="fig"}). Furthermore, we did not observe PfEMP1-dependent differences when KAHRP expression was assessed by immunofluorescence microscopy of IEs expressing the three different PfEMP1 variants studied ([Fig. 6b](#fig6){ref-type="fig"}, [f](#fig6){ref-type="fig"}, and [j](#fig6){ref-type="fig"}). Notably, IE labeling with PfEMP1-specific antibodies resulted in a punctate surface distribution, regardless of which PfEMP1 was expressed ([Fig. 6c](#fig6){ref-type="fig"}, [g](#fig6){ref-type="fig"}, and [k](#fig6){ref-type="fig"}). Based on these data, we conclude that IE knob density depends on the PfEMP1 variant expressed on the IE surface.

![KAHRP transcription in antibody-selected parasites. The bar chart shows *kahrp* gene copy numbers, relative to that for the seryl-tRNA-synthetase housekeeping gene, in differently selected parasite lines. DCJ is a negative-control parasite line that has a deletion in the *kahrp* gene.](mbo0051524840005){#fig5}

![KAHRP and PFEMP1 protein expression on IEs. Confocal immunofluorescence microscopy images of erythrocytes infected by IT4VAR32b (a to d), IT4VAR04 (e to h), or IT4VAR60 (i to l), stained with DAPI (a, e, and i), anti-KAHRP (b, f, and j), or anti-PfEMP1 (c, g, and k) and overlays (d, h, and l). White arrows (e and i) mark uninfected erythrocytes. Scale bars, 5 µm.](mbo0051524840006){#fig6}

DISCUSSION {#h2}
==========

Due to the importance of PfEMP1 in pathogenesis, a large number of studies have been performed on multiple aspects of PfEMP1 and the *var* genes that encode them ([@B23], [@B24]). Studies on the density of knobs on the *P. falciparum* IE surface from both *ex vivo* field isolates and *in vitro* laboratory *P. falciparum* cultures have also been done ([@B7]). However, no studies have addressed whether knob densities might depend on the specific PfEMP1 expressed. While IE knobs are seen in several *Plasmodium* species other than *P. falciparum*, including *P. malariae*, *P. brasilianum* ([@B25]), *P. fragile* ([@B26]), and *P. coatneyi* ([@B4]), PfEMP1-type IE surface proteins have only been described in *P. falciparum* and its close relative, *P. reichenowi* ([@B27]). Thus, knobs and PfEMP1 expression might be evolutionarily unrelated phenotypes, as is the ability to sequester in the host microvasculature, since other *Plasmodium* species, like *P. vivax*, *P. berghei*, and *P. chabaudi*, do sequester without having either knobs or PfEMP1-like proteins. Those *Plasmodium* species sequester using other families of variant surface antigens ([@B28][@B29][@B30]).

With respect to *P. falciparum*, we have shown here that knob densities appear linked to the PfEMP1 variant expressed on the knobs. This could reflect variant-specific requirements for presentation and organization of PfEMP1 on the IE surface to ensure optimal host receptor affinity. Thus, some IEs have a reduced adhesion capacity in the absence of knobs ([@B20], [@B31]), whereas the presence or absence of knobs does not seem to affect others, such as IT4VAR60^+^ IEs, which form rosettes even though they do not have knobs ([@B17]). This could reflect dissimilarities in availability of the human host receptors and the force of the blood flow in the different organs in which adhesion occurs. Both IT4VAR04 and IT4VAR60 bind to receptors (CSA and uninfected erythrocytes, respectively) that are very abundant, and the speed of blood flow in the placenta is very slow. Adhesion to low-frequency receptors, on the other hand, in organs with high-speed blood flow may necessitate better presentation of parasite antigens, thus requiring a higher frequency of knobs.

The distribution of PfEMP1 molecules on the IE surface is not dependent on knobs, since the PfEMP1 molecules remain organized in clusters whether knobs are present or not ([@B31]). This most likely reflects the interaction of the intracellular part of PfEMP1 to the actin skeleton and PHIST ([@B32], [@B33]), and our observations of punctate PfEMP1 fluorescence in both knobby and knobless IEs are in agreement with this idea.

Parasites with a deletion or rearrangement of the *kahrp* gene do not have knobs ([@B20], [@B34]). However, as our knobless IT4VAR60^+^ IEs did express KAHRP, other factors clearly impact the phenotype. As an example, PHIST proteins can bind to the cytoplasmic tail (exon 2) of PfEMP1 proteins ([@B32]). Exon 2 is highly conserved, although polymorphisms do exist, and small differences in the *exon2* sequence could potentially influence the capacity to bind PHIST and thereby impact the formation of knobs. The PfEMP1 variants we studied here represent three different exon 2 types, namely, A1, B, and E ([@B35]), but whether there is a systematic difference in knob density between the different ATS types will require further investigation. In general, better knowledge of the interaction, transportation, and regulation of these proteins involved in pathogenesis of malaria is still needed. This information will aid in the development of protective vaccines or other interventions against severe *P. falciparum* malaria.

MATERIALS AND METHODS {#h3}
=====================

Antisera and monoclonal antibodies. {#s3.1}
-----------------------------------

The full-length recombinant IT4VAR60 protein used for immunization was produced in *Baculovirus*-infected insect cells, essentially as described elsewhere ([@B36], [@B37]). The anti-IT4VAR60 antisera were raised in rabbits as described by Stevenson et al. ([@B38]). The human monoclonal IgG antibodies AB01 (specific for IT4VAR32b) and PAM1.4 (specific for several VAR2CSA-type PfEMP1 variants, including IT4VAR04) were generated essentially as described previously ([@B39]). The KAHRP antibody ([@B40]) was a kind gift from Diane Taylor, University of Hawaii.

Malaria parasite culture, *in vitro* selection, and flow cytometry analysis of PfEMP1 surface expression. {#s3.2}
---------------------------------------------------------------------------------------------------------

We used the long-term *in vitro*-cultured *P. falciparum* line FCR3/IT4 ([@B41]), grown in O Rh^+^ erythrocytes without human serum ([@B42]). The initial selection of the *P. falciparum* IT4 IEs to display specific PfEMP1 proteins on the surface consisted of three rounds of panning of the IEs with rabbit antisera against full-length IT4VAR60 ([@B43]) or with human monoclonal antibodies specific for IT4VAR04 ([@B39]) or IT4VAR32b bound to protein A-coupled Dynabeads (Invitrogen), essentially as described previously ([@B44]). The phenotypes were maintained by subsequent regular selection in the same way. Antibody reactivity with IE surface antigens was assessed by flow cytometry, essentially as described previously ([@B45]). In brief, IEs were enriched for those infected by hemozoin-containing mature parasites by exposure to a strong magnetic field, using CS columns on a VarioMACS instrument (Miltenyi Biotec, Lund, Sweden) and labeled with ethidium bromide and monoclonal antibody or antiserum, followed by appropriate fluorescein isothiocyanate (FITC)-conjugated secondary antibodies. Fluorescence list-mode data were collected on an FC500 flow cytometer (Beckman Coulter), and IE surface labeling was quantified by using the WinList software (Verity Software House, Topsham, ME, USA). The selection steps are summarized in [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material.

Sorting of IEs by flow cytometry. {#s3.3}
---------------------------------

We used fluorescence-activated cell sorting (FACSAria or FACSJazz; BD Biosciences) to separate IT4VAR60-positive and -negative IEs in the antibody-panned cultures (see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material). Late-stage-infected IEs were enriched as described above and labeled with IT4VAR60 antisera, followed by appropriate FITC-conjugated secondary antibodies. Gates for the negative and positive populations were set based on the negative-control samples (labeled with secondary antibody only), with a gap to ensure no overlap between the two sorted populations.

Analysis of knob densities via AFM. {#s3.4}
-----------------------------------

Knob densities on IEs were measured by AFM essentially as described by Quadt et al. ([@B7]). AFM images were captured either with an MFP-3D microscope (Asylum Research, Santa Barbara, CA, USA) or a Multimode8 AFM (Bruker Nano Inc., Santa Barbara, CA, USA). We used copper grids to locate the IEs via an integrated optical microscope. Images were captured in air under ambient conditions with tapping mode and using a silicon microcantilever (OMCL-AC160TS-W2; Olympus) with a spring constant of 42 N/m and a resonant frequency of \~300 kHz. The images were 512 by 512 pixels and captured at scan speeds of 0.5 to 2.0 Hz, depending on the scan size (0.25 to 15 µm). Scan speeds were optimized individually to minimize noise and integral and proportional gains.

Analysis of knob densities via SEM. {#s3.5}
-----------------------------------

SEM was used on late-stage IEs obtained as described above. The IEs were initially fixed in glutaraldehyde (2% in phosphate-buffered saline \[PBS\]; 30 min, room temperature) and washed in PBS. The IEs were then transferred to pretreated poly-[l]{.smallcaps}-lysine-coated coverslips, washed in PBS, and dehydrated by using a standard ethanol protocol ([@B21]). Finally, the IEs were subjected to critical point drying (CPD030; Bal-Tech, Balzers, Liechtenstein), coated with gold in a sputter coater, and viewed in a Philips XL30 FEG scanning electron microscope at 2  kV (Core Facility for Integrated Microscopy \[CFIM\], Faculty of Health Sciences, University of Copenhagen, Copenhagen, Denmark).

Detection of KAHRP by confocal microscopy. {#s3.6}
------------------------------------------

For immunofluorescence assays, magnetically activated cell sorter (MACS)-purified late-stage IEs were surface labeled with PfEMP1-specific antibodies as described by Bengtsson et al. ([@B46]). Next, 10-µl aliquots of IEs were transferred to poly-[l]{.smallcaps}-lysine-coated coverslips and fixed with paraformaldehyde (4% in PBS; 20 min) and then rinsed twice with PBS. The samples were treated with 0.5% Triton X-100 for 5 min and blocked with 10% bovine serum albumin (1 h, 4°C). Thereafter, KAHRP antibody labeling was performed ([@B46]) using Alexa 564-conjugated anti-mouse IgG (Invitrogen, Life Technologies) and gold antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Life Technologies). IEs were examined with a Nikon Eclipse TE 2000-E microscope with a 60× oil immersion objective lens. Laser intensity and gain settings were adjusted manually and kept the same for all IEs, to enable direct comparisons. Captured images were processed using the EZ-C1 viewer software (Nikon, Birkerød, Denmark). Final image sizes were 25 µm by 25 µm.

RNA transcription analysis. {#s3.7}
---------------------------

Analysis of *var* gene transcription by quantitative real-time PCR was done using cDNA generated from ring-stage parasite RNA and *P. falciparum* *kahrp* and *var* gene-specific primers as described in detail elsewhere ([@B47], [@B48]). The primers used, modified to increase specificity to the target genes, were as follows: *it4var19* forward, GGGAGCTCAGAAAGTGGTAA; *it4var19* reverse, TGTTCGTCGTCATCTTCAAC; *it4var32a* forward, GTACTGGTGGTGTTGCAAAT; *it4var32a* reverse, TCCTCGTCCTCTTCCTTTAC; *it4var32b* forward, CCAGGCAAAACTAGTGACAG; *it4var32b* reverse, CTGGTTTACAACCGTCTTTG. The amplification efficiencies of the modified primers on 10-fold dilutions of genomic DNA were comparable to those of the reference seryl-tRNA-synthetase primers. Melting curves for the primers and transcripts each had a single defined peak. Transcription levels relative to the housekeeping gene for seryl-tRNA synthetase were calculated using the 2^−Δ*CT*^ method. The *P. falciparum* parasite DC-J ([@B49]), which has a deletion of the *karhp* gene ([@B50]), was used as a negative control for *karhp* transcription.

Statistics. {#s3.8}
-----------

All statistical analyses were performed using SigmaPlot 12.5. Related and unrelated data sets passing an initial Shapiro-Wilk normality test were compared by one-way analysis of variance tests and *t* tests, respectively. Otherwise, Kruskal-Wallis tests or Mann-Whitney U tests were used.

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

Knob density in an unselected IT4 culture. The frequency histogram shows the knob density of the original IT4 culture, before selection for expression of specific PfEMP1 on the IE surface. Data were collected using AFM measurements. Download

###### 

Figure S1, TIF file, 0.6 MB

###### 

Time-dependent changes in knob densities. The dot plot shows the knob density as a function of time (in hours) from invasion in the IT4VAR32b-selected culture. Time since invasion was determined based on morphology, detected by light microscopy on Giemsa-stained IEs. Each dot represents one IE. Download
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Figure S2, TIF file, 0.6 MB

###### 

Comparison of knob densities measured by SEM and AFM. Frequency histograms show the knob densities for IEs selected by anti-IT4VAR32b (a and c) or anti-IT4VAR04 (b and d) antibodies, measured by SEM (a and b) and AFM (c and d). Download

###### 

Figure S3, PNG file, 0.02 MB

###### 

IE size determinations by SEM and AFM. Size distributions of IE diameters were determined by SEM (a) or AFM (b). Download

###### 

Figure S4, TIF file, 2 MB

###### 

Schematic diagram of the protocol for selection of *P. falciparum* FCR3 parasites with defined PfEMP1 expression. Unselected *P. falciparum* FCR3 with undefined PfEMP1 expression was first selected by MACS (1) with Dynabeads and antisera or human monoclonal antibodies (humAbs) for expression of specific PfEMP1 variants (indicated in bold). IT4VAR60^+^ IEs obtained this way were further selected, first by antiserum and FACS and subsequently by another round of MACS (2). The percentages of knobby and knobless IEs at each step are indicated. The specificities of the antibodies used are indicated by the light arrows. Download

###### 

Figure S5, TIF file, 0.1 MB
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